Abstract-Ultrasound elastography is the technique of obtaining the tissue relative stiffness information, which plays an important role in early diagnosis. Conventional elastography computes the strain from the gradient of the displacement estimates between gated pre-and post-compression echo signals. Although elastography has been proven to be a potential diagnosis tool for breast/prostate tumor, vascular stiffening and hepatocirrhosis diseases, the application of frequency compounding in elastography to reduce coherent artifact of elastic imaging has rarely been reported. In this paper, a new method called Transmit-side Frequency Compounding for Elastography (TSEC) is proposed, which involves using weighted compounding of different frequency sub-elastograms. The sub-elastograms are formed from the corresponding probe center frequency echo signal pairs reflected from the tissue ROI. Due to the frequency dependent reflection process, these sub-elastograms should have different speckle pattern. Upon compounding these subelastograms, the amount of speckle in the resultant strain image is reduced. The effect of TSFC are investigated through phantom experiments, which confirms the reduction in strain image artifact is accomplished with no sacrifice of real-time ultrasonic imaging as well as a measurable improvement in SNRe and CNRe.
INTRODUCTION
Elastography, the imaging modality of elastic properties of biological tissue using ultrasound firstly presented by Ophir et al. in 1991 [1] , has achieved rapid development due to the large variance of different elastic moduli in biological tissue and its ability to discriminate pathological lesions. A small external mechanical pressure is applied on soft biological tissue. The axial displacement between the gated pre-and postcompression are then estimated. The subsequent distribution, i.e., the elastogram, is calculated as the gradient of the axial displacements and displayed as a gray scale image where the dark areas correspond to the hard tissue and the light areas indicate the soft tissue. The application of elastography involves early tumor detection in breast and prostate, diagnosing atherosclerosis and hepatocirrhosis diseases and monitoring some noninvasive or minimally invasive therapeutic-ablation procedures. Nevertheless, artifacts in elastography, including algorithm-induced artifacts, target hardening, as well as strain concentrations, may hinder the interpretation of elastographic imaging results. Furthermore, some target tumors are much stiffer than the surrounding healthy tissues [2] . In such a situation, the contrast of lesion in strain imaging will decrease because of the stiff background.
Frequency compounding is a widely used technique in the field of speckle reduction where echoes from different looks are incoherently averaged. For different insonifying frequencies the phase of the reflected wave will be different and the vector sum returned from the resolution cell will have a frequency-dependent term associated with its magnitude. By transmitting pulses of different center frequencies, we can obtain echo signals under corresponding center frequency. Each image formed with the same frequency echo pairs should have a different speckle pattern due to the frequency dependent reflection process within the resolution cell. Gelbach's [3] computer simulations demonstrated mathematically that speckle patterns decorrelated rapidly with changing frequencies. These works suggested that significant improvements in compounded images can be obtained if speckle patterns can be adequately decorrelated.
Although both elastography and frequency compounding are well developed, the combination of these two techniques is rarely reported. The aim of this study is to investigate the feasibility of frequency compounding for elastography by transmitting pulses of different center frequencies to the tissue ROI. The method is verified by using baseband IQ data of elastic phantom taken from the Saset iMago c21 with a 5MHz linear array probe. The traditional frequency compounding which several frequency components from the received signal can be extracted and combined to form a compounded signal incoherently, whose drawback is the reduction of bandwidth affecting displacement estimation accuracy and loss of the detail resolution due to the loss of signal energy during the frequency splitting. In this paper, we presented transmit-side frequency compounding by firing low, mid and high frequencies images frame-by-frame and combine them in a weighted or simply average formulation (similar to the spatial compounding). Therefore, the compounding image from this approach will utilize more bandwidth of a probe to maintain accuracy, improve the contrast resolution, and also not deteriorate the detail resolution.
The rest of the paper is organized as follows: In Section II, the theory and methods for TSFC are described. Section III presents the computer experimental results of TSFC for type 4 small lesions from the CRS elastic phantom. Type 4 is the hardest inclusion. Discussion and conclusion is drawn in Section IV.
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II. THEORY AND METHODS

A. Priciple of TSFC for Elastography
The flow chart shown in Figure 1 illustrates the general steps of transmit-side frequency compounding for elastography: Training Process Figure 1 . Transmit-side frequency compounding for elastography flow chart Similar to other compounding modalities, TSFC for elastography is obtained by combining the sub-elastograms. A well-matched compounding operation will reduce the coherent artifact of elastic imaging due to the decorrelated subelastograms. As illustrated in Figure 1 , by controlling the Saset iMago c21 ultrasound system probe, an external pressure is applied to the tissue, meanwhile, different center frequency pulses are transmitting alternatively. The radio frequency data of the pre-and post-compression tissue are then acquired and can be categorized by their center frequency according to the frequency spectrum. After the categorizing, the same operations are performed to obtain the sub-elastograms.
After the echoes have been categorized, sub-elastograms are calculated. During this process, a phase-zero based elastography technique [4] is adopted in this study. To get the elastogram, the pre-and post-compression RF A-lines are firstly demodulated to baseband IQ signal, which are segmented at a sample window. Then the displacement is calculated as the time shift of each segment estimated from the phase of correlation function in ultrasound elastography iteratively. The phase is converged at the maximum position of the correlation function. Next, the axial displacement is filtered with a Savitzky-Golay digital differentiation filter to get the sub-elastograms of the tissue ROI. For N consecutive different frequency sub-elastograms, the compounded image comp I is calculated as: 
B. Signal-to-Noise Ratio and Contrast-to-Noise Ratio
Two parameters, i.e. signal-to-noise ( SNR e ) and contrastto-noise ( CNR e ), are used to evaluate the performance of TSFC for elastography. The SNR e is commonly used to assess elastographic image quality [5] , and is defined as
where μ s and σ s are the mean and standard deviation of the calculated strain in a region with homogeneous elasticity. The other parameter, i.e. CNR e , which combines the noise characteristic with the contrast behavior of the elastogram, is used to evaluate the target detectability [6] . In a uniform medium containing a target inclusion, the CNR e is expressed as ( ) 
where st μ and μ sb denote the mean strain of the target and the background, while σ st and σ sb represent the standard deviation of the strain in the target and the background, respectively.
C. Correlation Analysis
By combining sub-elastograms under different probe center frequency, significant speckle decorrelation is present, and artifact brightness variations can be effectively reduced. Therefore, it is critical to analysis the performance of the compounded elastogram. 
Because the strain variance is related to the probe center frequency in elastography, we denote the variance of So, the exception of elastogram obtained by averaging N sub-elastograms is 
III. EXPERIMENT
To validate the feasibility of TSFC for elastography, we perform the following experiments on elastic phantom to test our method and analyze its performance.
A. Experiment platform
In our experiment, a 5MHz center frequency linear probe with 80% fractional bandwidth is used for data acquisition and freehand pressing/release process has been performed. Our preand post-compression RF signals are sampled from a commercial ultrasound system scanner, Saset iMago c21, and demodulated to baseband IQ signals. Sampling frequency is 40MHz. And the IQ data is used to calculate the elastogram The Model 049 Elasticity QA phantom, CRIS Virginia, USA, is used in our experiment to test the algorithm. It contains 4 groups' spheres with different stiffness; each group has 2 different diameter spheres at different depths, as showing in figure 2 . The data is collected from type 4 small lesion, which is the hardest inclusion. Frequency compounding mode in the system is turned on during data acquisition, so we have different frequency frames alternatively.
B. Experiment Results
We apply phase-zero method [5] with no pre-processing to the baseband IQ data and a linear interpolation is used in cross correlation calculation. The sample window for displacement calculating is 2mm with 75% overlap and the iteration number in searching the maximum position of the correlation function is 1. The center frequencies used by the PZ algorithm are chosen to the same as the emitted frequencies of the probewhich is 3.3 MHz, 5MHz, and 7.5MHz. Then, the axial displacement is filtered with a 7-point Savitzky-Golay digital differentiation filter to get the sub-elastograms of the tissue ROI. The brightness of each sub-elastogram is equalized before compounding and weightings given to each image were same (non-weighted regular averaging), as Figure 3 shows We can see improved contrast resolution. To reduce artifact further, multiple sub-elastograms under different probe center frequency may be employed. Artifact variations are expected to decrease as the number of decorrelated images increases. As artifact variations are reduced, both contrast resolution and edge definition of the lesion is improved.
IV. DISCUSSION AND CONCLUSIONS
A new imaging technique for ultrasound elastography is proposed. Because incoherent averaging is done on images under probe transmitting different center frequency, the technique is also referred as Transmit-side Frequency Compounding for Elastography. Experiments show that artifact variation is effectively reduced at frequency levels achievable in some clinical situations.
The proposed compounding technique for ultrasound elastography can be use to combine with many existing elastography techniques, such as WPS [7] , the least squares strain estimator [8] , and adaptive strain estimation [9] etc. However, due to full bandwidth not utilized and the requirement that several images are needed to produce a compounded image, the propose technique suffers from a loss in detail resolution. According to our experiment results, it is still quite promising to apply TSFC technique in real-time strain imaging.
TSFC for elastography has the following performance issues. Firstly, the center frequency change required for significant artifact reduction is different as lesion depth changes. Thus, the system front-end used to transmit ultrasonic pulse will need to be flexible. Second, because of tissue motion, a small object in the original image may be pushed out the image plane under high frequency. In this case, the contrast resolution may be degraded unless advanced imaging process algorithms can be developed. Third, effect of artifact reduction may be spatially varying in the presence of non-uniform strain distribution. Nevertheless, the overall contrast resolution is improved because artifact brightness fluctuation is always reduced.
